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In May, 1963, the Department of Atmospheric Science of Colorado

State University began an investigation of cer'tam aspects of infrared

!(. radiation transfer through the earth*s atmosphere under NASA contract

number NASr-147. The basic objectives of the study were: (1) to in-

_/ vestigate the relationship between actual earth surface temperature and
_ the temperature of cloud tops and the observed temperatures of these

surfaces as measured by radiometers aboard aircraft and meteorological

satellites, (2) te provide g2-ound and low level aircraft support for field

studies conducted by the National Aeronautics and Space Administration,
(3} to investigate the relationship between cloud top radiation and the air

temperature outside the cloud at cloud top height, (4) to investigate the
,: spectral emissivity characteristics of (a) various cloud types and (b)

the surface of the earth in desert, grassland, and forested regions.

+ During the period covered by this progress report (May 1963 -

February 1964) _ ",.m_ry emphasis has been placed on objectives one and

_ two.

_:, OBJECTIVE I

;'_; Introduction

_: The initlalemphasis ( " this objective has been an investigation
' of the relationship between ac _l temperatures of the surface of the

earth and +.he black body temperature as measured by a radiometer

"_- mounted on the underside of a Cessna 180 aircraft, and by channel 2

_ (8-13 micron band) of TIROS VII. Basically this objective stems from

the need for a better understanding of the transmission losses in the

'_," "window" region of the spectrum of the terrestrial radiation passing

*_i through the earth'_ atmosphere.

Se,,eral researchers (Bandeen, et. al., 196]; Fritz and Winston,1962; Hanel and Stroud, 1961) have used channel 2 measurements from

TIROS satellites to estimate surface temperatures of the earth under

I
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clear skies. These estimated surface temperatures were invariably

I degrees too Wark, et. that, even
several low. ,ql. (1962) has shown

though the absorption coefficients of water vapor and ozone are rela-
tively small in the window region, certain corrections in the satellite

I measurement of outgoing intensity are necessary
terrestrial radiation

to account for the influence of thes_ two atmospheric consitutcnts. In
each of the studies reported, however, no exact values of the earth's

I surface temperature were known.

i In the investigation discussed m this report, an attempt wasmade to obtain accurate measurements of actual earth surface temper-

atures in an area ¢,f nearly uniform vegetation and terrain. Surface

I temperature measurements were made during different seasons and atvarious times of the day and night, each observation time corresponding
to the time of an overpass of TIROS VII. Concurrent with each over-

i pass, a profile of outgoing radiation measurements were recorded fromthe earth surface to airolane ceiling height (approximately 17,000 -
!9,000 feet zn_ s.i.). The radiometer used for these measurements

was the infrared radiometer, model IT-2, manufactured by the Barnes

I Instrument Co.

i Radiation data from channel 2 of TIROS VII meteorologicalsatellite are currently being analyzed b-¢ Dr. Fujita of the University
of Chicago. This report w_ll discuss only the m2asurements made

i at the earth surface and from the airplane.

I Site Recjuirements and Method of Measurements
Measurement of the earth surface temperatures: Emphasis

I to date has been placed on collection of accurate temperature meas-urements over a region of relatively uniform vegetation within the
Pawnee National Grassland of Northeastern Colorado. Vegetation

I within the grassland region consis'.s, for the most part, of shortnative buffalo and grama grasses. A few, small scattered acreages
within the national grassland are under cultivation, mostly to winter

I wheat. Only small differences ia outgoing radiation are noted betweenthe wheat fields and adjacent pasturelands during most seasons.
Fig. 1 shows the location of the Pawnee National Grassland. Fig. 2

I shows a general view of the research site.

!
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I
Fig. 2 General view lookin_, north across surface tetnperaturemeasure_-nent site. t-'awnee National Grassland, Colo',ado.

I
Instrumentation for A_eas_:re.qent of surface te,_q?eratures has

been installed near the geo2_raphical center of the national ._rassland
approximately fifteen ndles wes_ of Grover, Colorado. Tu:'enty-eight
sensors were used in the first installatiun network, n.he sensors

consisted of small electronic stabi_tor's spread over a circle of 100
foot radius. Changes in the te,cq_erature of the stabistor proauced a

linear change in its resistance and was recorded by a wheatstone

I bridge circuit. Due to da, ..age by rodent.z, J]is unit was replaced in
November 1963 by a second caodel which e_nployed forty therr,_i:stor

sensors spread over an _rea of 1,000 f,_ot radius. Si,_,ultaneous meas-

I ureinents using both units indicated n_idday tc_nperature differences
of less than O. 3 ° "

Tbe true temperature of the surface of the earth is, atbe_t,
an extremely nebulou:' value. ThLs is ,-lue pri_aarily to the extren_ely

steep gradients of te.c,'q)eramre(both in the horizontal and in the vert-ical) that frequently exist in thi_'_ :'one. A perfect sensor for mea_uring

I
I
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i the true surface have to be infinitely thin and possess
te_ :perature wouldther::ml and cnoisture p: operties idenhcal to those of the soil particles

I The
the: iselves, presence of grass or other vegetation is a further

co_ q_oundin_ factor in the .,_,easurer._ent of earth surface te.:_.peratures.
Fi'_. 3 snows the distribution of temperatares in and around a sr:all

I clu:n_; of buffalo grass at 0_03 on January 21, 19S_'. The te,_peratured_strlbuhon _nown m thl:; h_ure are given as an exa_ple of the steep-

hess of the tecc_perature gradients in the ,-dcrolayer and indicate the

I difficultyof positioninZ sensors for deter;nininj true averages of surfacete,:perature. Te qJ_ratu_es shown m thls hgure were obtained by
using a portable thern_istor probe.

!

!

!
0900 M.S.T. JANUARY 21,1964

i
1_5"c

<: /-%
7.2",:

,._ 13.0"¢,/ \ 0._I* O
ell I

Pi2_. 3 Distribution of surface te ,.erature in and around a but_aloI_ -trot •
2rass elu, q_ 0950 _.,oI, January 21, 1934.

To overco :;e, at least in i.,art, the above described difficulties,

the sensors used were: (1) physically as s_,,,.all as (2)
oractical, painted

|
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t the same color a'_the 3oii surface (lizht._ _,),and (3) coateJ while

t_e paint was stillw_t with one layer of dust. i>1% 4 shows a cora-

l _crison of size oi' the two sensors used.

I
I
I

I
I
I
I Fig. 4 Comparison of size of bead thermistor and stabistor unitsused for surface temperature measurements.

I
The sensors were plac_a randomly over the s_te area. Some

I were located inside gras,_ clumps, others on the bare _round betwee,_clumps. The stabistor sensors which were placed on the b_re sroun_,

were pressed halfway into the soil so that they measured the intelfrated

I temperature across the zone from 1_ mm above to 1_ mm below the

soil surface. The bead thermistor,; which replaced the stabis_ors are
less than 1 mm thick and were installed flu3h with the soil surface.

I i:ositioning of the sensors is checked prior to each rneasurenaent.

I
!
I
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Fi_,. 5 "Tent" shields used to ell inate radiation _le_ttn_,of the

_ stabistor units.
g

!(i To prevent erroneous temperature _easure_ents ¢h_.,_to radiation

heating of the sensors during observation periods with strong sunshine,

"tent" shields (fiE 5), _uade fro_ Llouvered alu_:dnu n screen were placedover the stabistor units a few dnutes before observatio:, ti,_e. Meas-

uren_ents with and without the shield_ indic2tect ins :_nfficant ten,_)erature
differences for _he ther_dstor bead's, iTu shields are used over the

them:nstor bead units.

][iecordin$ of surface te,_L:,erz_ture ,_easuren_ents fron_ the networkof sensors required approxi,_ _tel:/ fi_'teen :_dnutes for the stabistor unit
a,d five ,niuutes for the therr;istor unit. Two sets of _ masure_uen_s are

I averages for each TIROS VII satellite overpass ;light.

Chanses in earth surface te =oera_ure within the recordinj period

I are always much s,naller than the difference between a:easure,uent points.Table 1 shows a sample of avera :e sJrface te,_peratures w_th their

!
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sta.,dard deviationa for different times of the day and night. Table 1
_ also shows a comparison of avera3e temperatures a s n_easured _y

the ther_Astor units to zvera_,e black body te,nperat_are _-neasured by
the 3° view, 8-13 _,,icron filter radio,_et_r held approximateiy twelve

• inches above the thermistor units.

I The effect of e_-,_l_sivity on the co.,_lpari_on of actual te_-_pera-ture to blac_ body radiation te,__per,'.ture needs rmch furfi_er investiga-
tion, A pilot, laboretory study on the emissivity of grassland _oils is

I 3-b.,en in Appendix A.

Air temperatures and relative hun_dities are n_asured by a Sling

I psyclurometer.

I "" .

TABLE 1. Actual and Black 3ody Ter/peratures.
__awnee National Grassland, February I0 and 11, 1934.

I "' ai"..... .:' ' ' Ac_al ........ _rtadi ton
M_T 3urface Standard Black Bo(ly Standard

I Time Te_np.°C Eeviation°'_ Temp. C Deviation°C

Date
O

_/IO/C _. 1100 17.2 _ 3.5 17.0 3.2

I : 1300 23; d 3. _ 21; 4 3.2
!

: 1500 13.6 3.3 17.1 3.4

1935 - _._ 1.5 - 2.,_ 1.3
I 2130 - 3._ 1._ 3.2 i. 3233_ - 7.5 1,3 - 5.._ ,,,,_J

i " "

| ! 0330 - 7.5 3. a - 5.1 0.3
0540 - d. 4 0.7 - 3_ 1.0 :

1 'I 0735 - 2._. 1.0 - 3.2 0.7 i"0_5 3_4 1.7 7.2 1.7!
; 1150 12.0 1.3 - 11.9 0.8

I
!
!
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l Aircraft radiation measurements: Airborne rneasure::_ents
o2 _errestrial radiation are obtained usin:; the IT-2 infrared radio_-_,eter

Co, _:,ounted on a 130 airplane.
(Barnes Instrulnent ) Cessna The IT-2

radio:_eter e,uploys an indiu • anti.. .onide AR coated filter sj-s_e;.,n
,,m,,,, is transparent acrosJ the 3 to 13 ,_,icron resion of the electro-

,_agnetic spectr'm,_. Trans_:,issi0n curves supplied by the L_arnes
Instru..:-,ent Co. indicate that the trans,-_=ission of this filter ,nay extend
well beyond 13 n-Acrons. Independent spec*.ral calibration of the total

inztru _ent is planned.

The view angle of the radion-.eters used in the satellite overpass

i flizht_ is approxi.n, ately 30 ° . Table 2 shows the relation between view
area and height, l?i:4s. 3 %hrough 11, taken at increasin z a/titudes

i above the 3rassland site 3how the area viewed by the radio-_eter.

TABLE 2. Area Viewed by the iT-2, 30 ° Y.adiometer at
Various Heizhts

Zeight above surface Diat__eter of area viewed :

I ' I, 030 2682, O00 53_
3,000 303 ,

I ,;e.

__,OO,O I0,
: _, 00O 1 =97

i 000 21£33,

I ! I0,O0? 2379
: I$,DO?, 3215

14,000 3751

I 1 000 :_237

!
I Response tinge of the radior._eter is adjustable for either 50 or500 :_.illiseconds, the later bein3 used on :_host flights to confor,'a to

ti_e response tL =e of the recorder used and also to reduce back=round

I "noise" caused by small areas of non-representative surface te, ,pera-tu_'es.

I
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Fig. 7 Area viewed by 30 ° radiometer from 7,000 feet above
the surface. Pawnee National Grassland.

!

!
!
|
!
I
!

i

1964019590-014



w

I
I
I

i

1964019590-015



• 4. - ,

-13-

_|
t
t
I
I
I
I
I

Fig. 9 Area ,_ewed by 30 ° radiometer from 9,000 feet above
the surface. Pawnee National Grassland.
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Fig. 11 Area viewed by 30 ° radiometer from 11,000 feet above
the surface. Pawnee National Grassland.
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I Fig. 12 Comparison of 8-13 and 9-II ,_:dcron filter radio_neter

for orbit 32_15.

I

I A second .'adio_-._.eter, identical to the _irst except _or a narrower
band filter syste_ centered on 10, 6 __aicrons with a half-power band of

I I. 1 microns has been flown alongside the ,3-13 ::licron radio.-_eter on
several flights. Fi_,. 12 shows a co:,_xpar;.son of the radiation te_:Lpera-
ture fror__ the two instruments over the l:awnee National Grassland.

I
A third radioaaeter, identical to the first except for a 3° view

angle rather than the 30 ° view is used for special studies over grass-

I land, desert, _'aountain and water areas.

I Supplemental aircraft _easurements: An aerograph was carried
aboard the aircraft on each overpass flight. With this instrument a

i complete record of air temperature, relative hu,-._idity and pressure wasobtained. Clock failure resulted in loss of these data for a nu_',_ber of

flights between October 20 and November 20, 19_3. Precipitable water

I
I
I
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1
for use in th_ co q._utationsof radiation transfer were obtained for

l this period fro.== radiosonde soundings fron_ the U. S. V eather
3ureau office in Eenver, Colorado.

I An Eppley pyrhelio,=_eter was n_ounted on the top of the plane
and was flown on a nu -_ber of flights during the autu___nn of 1933.
Eata recorded fro:= this instru:nent was co_--_pared v¢ith a pyrhelio-

_:mter at level as of a study to quantitatively evaluate
ground part

the role of atn_ospheric haze on radiation attenuation. A discussion

of the results of theze neasure,_ents is four,d in Appendix B.

Analysis and Y_,iscuzJion of Data

Fijs. 13 _hrough 43 show one-n_inute averages of terrestrial

radiation _aeasured by the aircraft radio_'neter for the TI_DS VIIoverpasses between J_ly, 1983 and February, 19o_. Radiation in

these graphs is expressed as equivalent black body tec_perature (° C)

t for co:nparison wit> surface and air ten::,erature.

During the first fifteen to twenty ,ninutes of the first leg of

I each flight, the plane flew over :-._any types of surfaces -- farn_landvegetation, shall lakes, trees, etc., before reaching the grassland

region. After cli::_bin5 to ceiling heizht, the airplane flew a criss-

cross pattern over a thirty .nile dia_lete_" circle (corresponding tothc view area of the TII<CZ satellite radionaeter) for a sl_ort period

spanning the satelhte overpas_ ti._e. Fror_ the third leg of each

flizht , a profile of radiation was n_easured directly above the soil
ten_perature 3ite fro: __ceilin Z altitude down to ten feet above the earth
surface,

!
!
!
!
!
!
l
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i
i OBJECTIVE II

Introduction

| - .
Under the field study of objective 2, aircraft and surface

t measurements were made by the Colorado State University researchgroup in conjunction with a balloon program carried out by the
Department of Astronautics and Aeronautical Engineering, Uni-

l versity of Michigan.
The South Dakota field study was conducted to obtain meas-

urements of terrestrial radiation4 at different heights in the atmosphereusing various instruments carried by a small airplane and a skyhook
type balloon. It was planned that measurements using these instru-

i ments would be compareQ to radiation measurements from TIROSVII on its first orbits across the region. TIROS VII was launched
into orbit on June 16, 1963. Due to instrument failures followed by

adverse weather, the balloon borne radiometer package was notlaunched until June 26.

Nearly continuous aircraft measurements of terrestrial radia-tion (8-13 micron band) were made at various altitudes under the

balloon. Earth surface temperature measurements were obtained

t at two locations along the flight path of the balloon.

Im_trumentation

The airplane used in this study was the Colorado State University

I Cessna 180. Two infrared radiometers (Barnes Instrument Co., ModelsIT-1 and IT-2) were mounted in a camera port on the underside of the

fuselage of the airplane to measure the outgoing terrestr,al radiation.

I The IT-2 radiometer was used as the prima_y sensor with the older,less reliable, IT-1 used as a back-up instrument. Filters in these
radiometers restricted measurements to the atmospheric window region

i betweep 8 and 13 microns. View angle of each radiometer was a 30 °cone. An aerial camera (Model K-24) was also mounted in the planes

fuselage to take pictures of the earth's surface. Fig. 44 shows the

i Cessna aircraft used. An aerograph mounted u_der one wing was usedto recordpressure, temperature and relative humidity.

!
I
!
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Fi Z. 44 Aircraft used _o_"infrared ,-adiation,.;e_.suren_ents.

I
i i,deasure.z:ents of ezrth ;urfac_ t__._e:'ature3 _ere obtained- T]by a 23 point network of stabizto, sensors. Lccuracy of t_e stabis-

tors was better than2_ C. ( ,' _-noreo.etaileddescription of the surface

i I • C

te£nperature equip:__ent, ay be [oun¢:.elsewhere in t_ J report). In

addition to tecnperature ensure., ents, a-,trace soil sa;_ples were
obtained for moistu_.e content.

!
Site Location

|
, a Th_ first set of sur:_ace te n:)erature ,er_su:"en-;entswere

obtained app,'oxi.,.atelyfive .ilzs:_outheastof i:itchell,South Eakota

I in shorto_rass pasture (2-_'.inches t_ll). Dther _e_etation in the areaeonsis.ed of bare 5round, corn fields ( tostlybare), wheat and other

grain.

!
!

'i

I I , I I II I I I ' ' "
m
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Measurements were made at this site between 0840 and 0930

]| CST. During the period that these surface temperatures were being
H recorded, a profile of outgoing radiation was obtained from the sur-

face to an altitude of 17,000 feet m.s.1, over the general area. The

]_ balloon, travelling almost due west a_ a_ altitude of 110,000 l eet
]| m.s.l., appeared to pass direc'.lyover _he Mitchell site betweeh

0900 and 0930.

I Skies over ,._astern Scuth Dakota between 0800 and 0930 CST
were clear. Surfa,:e _ind was southeast five knots (estimated).

i! The second surface t,:mperature observation site was located

approximately 7 miles south of White River, South Dakota. This site

i was also a grassland j_asture; however:, the grass was generally much

zt taller than that at the Mi*cheil site. Average grass height here ranged

from six to twenty-four inches. Nearly all of the vegetation in the

i[ region around White River consisted of grass pastureland. The stabis-tors were placed within the _rass cover near the ground surface.

"_| The surface tempera_.ure umts at each loca+non were shielded
from the direct rays of the sun.

H
Results and Discussion

._ Fig. 45 shows the terrestrial radiation measurements obtained

by the IT-2 radiometer aboacd the aircraft. Tables 3' and 4 list the

surface and radiation temperature measurements at the _wo sites.:['able 5 summarizes lhe measurements made at the two s,tt:s.

i A layer of broken cumulus clouds moved over the White Riversite during the period of mea, surement. Bases of these clouds were

approximately 10,000 feet with _ops near 13,000 feet m. s. 1. The

effect of cooler areas of the earth surface in the cloud _hadows isnoted in the comparison of radiation temperatures to surface temper-

atures. When the plane was above 13,000 " ,et m. s. 1., the radiometers

I integrated the radiation f,'om the cloud tops as well as the earth surface.

!
!
!
2
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Fig, 45. Radiatio_ terr_rature measurements,

8-13 micro_i -June 26, 1963.

!
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i
i T_BLE 3. Surface and _diometer Temperature Measurements,Mitc_eLTo South Dakota Site.

I .......

Time , Surface Temp.(*C_ iltitude{n_s.l.) Sensor

i 0823 Smah lake 19. 8 1,600 IT-20820 Corn field (mostly bare) 26.9 I, 850 IT-2
0821 Wheat-corn complex 26. 9 1,900 If-2

i 0830 Pasture {over r,ite) 28.2 1,959 _T-20835 Pasture {over site) 22.7 3,500 I .'-2
0840 Crop-pasture complex 23.8 5,500 IT-2

I 0845 Crop-pasture complex 22.7 7,500 IT-20850 Crop-pasture complex 22.5 I0,800 IT-2
0852 Crop-pasture complex 22, 2 13,000 IT-2

I 0903 Crop-pasture complex 20.8 14, 000 IT-20906 Crop-pasture complex 22.7 15, 000 IT-2
0913 Crop-pasture complex 22.5 18, 000 IT-2

I 0920 Crop-pasture complex 24. 3 14, 000 IT-20925 Crop-pasture complex 21.5 I I, 000 IT-2
0930 Crop-pasture complex 22.7 7,000 IT-2

I 0840-0930 Pasture 29.4 surface Stablstorj

I
I

I
I

i
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TABI.E 4. Surface and R;_diomeler Tempe_a:urt Measurements.
Whi_e RiveF South Dakota Site.

:i
"i

1

:i
, '!_ Time Surface Temp. (°C} AltJlude (:n. s.l.) Sensor

•- 1322 Pasture 28.2 6 000 !"I"-2

_[ 1326 Pasture 28.7 8 000 IT-2
_'.330 Pastur e 25.2 i0,000 IT-2

1333 I_asluro 25° 4 l 1,000 IT-2
:_ 1335 Pasture 26. : 12,000 IT--2
_.. 1338 Pas:ure 22.'_. 13,000 IT--2

1341 Paslure 24.8 14,000 IT--2

_| 1330- 1340 Pas,ur_ tl. 0 surface stabistor
_.[ 1344 Pasture 28.7 i5 000 IT-.2

1345 Pastu_'e 23..5 15,000 iT- 2

_[ 1., t8 Pas!u,'e 2.1.8 |6,000 1T-2
I _} 1350 Pasture iS. 8 :,s, 000 IT-2
|

1340-1350 Pas_u re 39.6 ,_:,.cface stabistor

_l 1354 Pas'ure 23.8 _, 00O I'r-2
± ¢, _ ¢1'2_ 1358 Pasture 23.0 -., .Ou 1T-2

1400 Pasture 15.6 Ju, 000 iT-2

, 1404 Pasture 24.8 15,000 [r-.2
1409 Pasture 25.7 14_ 000 iT--2

1964019590-057
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!
I TABLE 5. Surface -_nd Aircraft Measurements. South Dakota

Balloon and Satellite Field Study, June 26, 1963.

Site I Site II

iLocation 5 mi. SE Mitchell 7 mi. S. W_nite RLver

0840-0830 C. ;_. T. 1330-1350 C. S. 'r.
iTime ("Radiometer temp. C), II'-i 20.3 18.6

Radiometer temp. (°C), IT-2 23.0 24.9

I Number observations, IT-1 23 16
Number observati,jns, IT-2 23 13

i Soil surface temp. (° C) 29.4 40 40.3Number .observations 52 52

Air temp. (° C) 26.. 4 30.6

i Relative l-umidity {%) 58 62Pre._ipitation table, H20 (in.) .76 .00
Cloud cover c_ear _(,%

Remarks excellent conditions balloon above clouds

!
I Fig. 46 shows the 8-13 micron radiation te,'nperature measured

by the TIROS channel 2 r_diometer aboard the baUoon gondola. Fig.

i 46 supplied by Dr. _artman of fl_eUniversity of Michigan.
The second objective of this phase of the study wil_ be to obtain

the measurements of earth surface temperatures and radiation in the

i 8-13 and 9-11 micron band of the spectrum c.ver a vegetationless desert
region, a dry lake bed near Edwards Air Force Base, California. Meas-

urements at apprcximately 20,000 and 45,000 feet will b_. compared to

i actual surface temperatures and to TIROS VII measurements if available.

|
!
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I OBJECTIVE !lI

I Introduction

I This objective is a study of the black body radiation temperatureof clc_ad tops as compared to the air temperature outside the clo,xt at
the same altitude. The optical depth of the cloud i.e. the distance into

i the cloud that the radiometer "sees", is dependent upon both the densityand the nature of the cloud droplets. CirrifoYm and other thin cloud
layers do not absorb aD the incoming radiation. Satellite radiometers

I tend to overestimate the temperature of these cload topa.

From the small amount of data collected rims far, (Table 6)

I it appears that the water droplets of cumulua cloud tops are sevcraldegrees colder than the air at *.he same altitude. The difference in
temperature is probably due to the fact that the droplets at the top of

I the cloud are being cooled by evaporation. Measurements over analto-cumulus cloud deck, however, showed cloud droplet temperatureo
somewhat warmer than the free air temperature at cloud top height.

I * The lack of suitable clouds, in particular, clouds with tops
below 18,000 feet over the high plains of northern Colorado have

I limited this phase of the study. A field trip to the Gtllf of Mexico
region is planned for early April to study cloud rad.i.ation character-
istics.

!
!
I OBJECTIVE IV

I The investigation of spectral emissivity cbaracterist_.cs of cloudsand earth surfaces has been delayed un_.il the University of Michigan
personnel have completed their studies with the Perkins-Elmer spectro-

I meter,

!
!
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j TABLE 6. Comparison of Cloud Radiation Tempel'atures to Air
Temperatures (8-13 micron)

!
Black Body Air

i Da_e Time Altitude Cloud Type Temp. °C Temp. °C
Location: (_Jer .site at Briggsdale, Colorado

I )1/11/63 1522 18,000 Thin cirrus top - 6.0 -12.51540 18, t/00 Between layers at clouds - 5.0 - 13.0

1549 15,000 Alto-cumulus top -i0.0 - 6.6

i 1550 14, 500 A1te-cumulus top - 9.1 _ - 6.6

Location; Colorado Springs, Colorado
12/31/63 )114 17,500 Alto-cumulus top -10.5 -18.8

I 1116 18,000 Alto-cumulus and alto- -15.5 -19.4stratus deck

1125 ) 8,000 Alto-cumulus top ° 17.0 -20.5

i 1134 18,000 Alto-cumulus top - 17 0 -21.1

!
I
I
!
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I APPENDIX A

Laboratory Investigation of Infrared Radiation and Soil Emissivity

- by

- Alan Anderson

-- Ra____diometerSensitivity,

A serie,_of testswere conducted in an environmental chamber

_o determine the sensitivityof the Barnes Infrared Radiometer instru-
ments,

In these tests a radiometer with a 9-11 micron filter was located

-'- "he chamber above a seven foot square area covered with about three

inches of grassland topsoil. The soil used was typical of that found in
Northeastern Colorado where aircraft and ground measurements are
being conducted to determine surface temperatures. The sensing head
of the radiometer was positioned such that its field of view included only

area covered by the topsoil. Conditions in the chaulber w,_.re stabilized
near 25°C. and 20% relative humidity.

The actual tests invoh, ed the use of two smaller areas of the

same topsoil which were super.imposed upon the larger base area. One
of these had an area equal to abou_ _% of the total area viewed by the
radiometer, the other 24%.

These smaller areas were th.m heated or cooled so that a

stabilized temperature differential (T a - Tb) existed between them

and the base area. (T a is the temperature of the small area and T b
that of the base).

After this temperature differentia1 was established, the smaller
areas were moveu to various positions with respect to the center of the
viewing area of the radiometer and the following measurements were
recorded:

The distance from the center of the smaller area to the center

of the viewing area in terms of percentage of viewing area radius was
plotted as an absuissa (D).
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!
" I The temperatures measured by the radiometer wi_h the smaller
, vre.,s in these various positions were recorded and converted to equiva-

I lent black body radiation values (R_. The radiomete_ "_easuredtemperature of the uniform base area was also converted to an equiva-

lent black body radiation value (R o) . The difference (R o - R')
: ][ was then converted to a percent change in R ; (R _ R')/ h x 100%

| and plotted as the ordinate (ARo). c o o

TL,e temperature differentials were created and maintained byan electrically powered nichrome wire grid for heating and dry ice
under an aluminum plate for cooling.

The change in radiation due to an area of temperature differentia!
is proportional to the magnitude and area of the differential and inversely

• _ proportion to its distance from the center of the area being viewed. Thus
_ S the area near the center of the viewing field is the most important in de-
, termining the mean temperature of hue field as measured by this radio-

I meter.

As can be seen from the accompanying figures (Figs. A. 1-9)

I even when a temperature differential of 13.3 ° C. exists over 24% ofthe view area, the maximum radiation change is only about 11%
(Fig. A. 1).

I The amount of this maxlmum change is, of course, still lower

when the area and/or magniLude of the diIferentia! is decreased. The
! I :naximum change in radiation when a _empera_,re differe_,tial _f 13.9 ° C.

m
covers 6% of the view area is oniy about 2% (Fig. A. 8).

I The values of temperature differentials used are thought to
approximate those actually occurring in the field.

|
SoilEmissivity

I The em'ssivity of the grassland soil was estimated in the following
wa_:

I A portable infrared source (Model 11-1_,0, Extended Area Infra-
red Radiation Source manufactured by the Barnes Engineering Company)

: _ with an emissivity of 0.92 + 2% was put into the environmental chamber
I and left there so that its temperature became equal to that of the soil.

I The 9-11 micron radiometer was then used to measure the emittedradiation from each surface separately. At the time of the test, the

!
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I temperatures of the emitting surfaces were 26, 2°C, and 26.3°C. for
the reference source and soil respectively. The outgoing radiation as

i measured by the 9-11 micron radiometer was the same for both surfaces.

If one allows for the error introduced by the instruments, the

i temperatures of the two surfaces are also equal. Thus one _an con-
clude that the emissivity of the soil used was approximately equal to
that of the reference source (e = 0. 92) .

I
Further emissLvity tests are planned, both in the environmental

chamber and in the field using an '_emissivity box" similar to the one

i designed by the Department of Meteorology, University of Wr_shington.

I
I
I
I

I
i
[
i
I
I
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I
i &R, Radiometer Sensitivity -J_ 22, IB64,_

"_ Areo of ten'4_dlffqlcentl

\ legion A,24% Ot view(8 \ area

| "'\,,
t
1

!_ Fi_. JL 1 I_elationship between radio_-_eter c_eaoure,'_mnt and the
position of a te:_,'_perature differential of given magnitude

and area. /_T = 13.3 ° C. A = 2_9o.

I ARa Radiometer _ns_tv_ty - Job.2401964

. \ Areo of tema dlffere_l

\ oreo

_,\ _ (At 3,.11.7"C

| ,,
J
_0._. +_ ....

I
Fi_. L. 2 SameasFi_, A.I. _T= II.7 °?_,_. _,-24%.

I
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6 ,,

I ol

I
I
I Fi__. A. 3 _-.--24.%.

I Sa,--..e as Fi_. A.I. ^i" = -12.5 _C. ,!

I -R t .Icm.23,

I 4_ _ ,,.24,,_

2"1, _ (AT)-*&5*C

I
I Fi3. k._, Sa:_.e as Fi_. k.l. A.T = 5.5°C. A = 2_.%.

I
I
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!
i

Fig. A, 5 Same as Fig, A.I. AT = -6. I°C. A= 24%.

4_ A,O'/,
31i CAT),_ 5.3eCm
m 9-11,_.

I

I Fio_. A._ S_,ne as Fi_. A. 1. _T = 5.3°C. A = 6%.

|
I
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4"/, _ OirtJml}._k'
region A,6"k O_view

I 2._ t,r)-z.e,c 9-_j.,.
&T_.--_-_c -_

I
I
m Fig. A. 7 Saz_e as Fig. A. 1. AT = -7.8_C. _T = -5.2°C.A=6%.

i
I
I

m ,_Rq. I_d:ometJr SeflSltiv_L-,.NO_.22 1963
4 Argo of t_n_. _er_._

r_glon A,_$% Of_4ew

t oPeG

I 2 (aT),,l_9* C9-11/,,

Fig. A. 3 Sameas Fig. A. 1. t_T : 13.9 °C. A = 6%.

I
|
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2. J

ii

Fig. A. 9 Sac, leas Fig, A. 1. AT = -!5.1 _ C. [, = 3%.

!
!
I
I
I
I
I
I A-8

I

1964019590-071



[_PP_,NDIX B

Ati Indirect Approach for the Eva].uation of the
_oncentration of Particulate i.,,ateriaS, in ?.tmospheric Haze

by

.:. D. Tabler

Introduction

V hen aircraft -neasuren]ents of ot:t_oin,_ terrestrial radiation
in the S-13 n_icron waveband were co__.npared to actual earth surface

te:-,peratures for various synoptic conditions it _as observed that the
absorption of radiation by the at.uosphece is related to the turbidity
oV the lowest layers of the atn_.osphere. Absorption of Ions wave rad-
iation by the at-uosphere for six cases when the aircraft observer re-
ported iigbt to dense haze avera_,ed 11, 1% greater than for an equal
nu_-_ber of "clean" at.uospbere cases.

The etfvc_ of atn,ospheric haze on inconaing solar radiation was
•also r_.easur._d, .-" nu,___ber c,_ fli.ghts were n mde with an Eppley pyrhelio-
.neter n__ounted on the top o_ the airplm]e (Fi_. B.I). I,_easurements
with this h_struu=.ent were recorded si,..Jultaneously with another Eppley
pyrhelie,neter at the surface. Fro,n coiuparison of these measure-_
n:ents (Fiss. B.2, 3, 4) one can _et an estiivate of the absorption of
solar radiation by haze layers.

Objective

To test the feas':bility of this approach to the quantitative evalua- _.
tion of the density of atmospheric haze, an experin_ent was conducted
to deter_:_ine the dust content of the lower air over Fort Collins, Colorado

uains the Brooks(1959) equation for transz4ittance of whole spectrum
direct beach solar radiation.

B-I
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I
I
i

,I
'1

2ig. B. I 22ppley pyrheliometer mounted on top of the aircraft

I for measurement of incoming solar radiation,

I
!

_ O.INI

2

1411 i4-'0 - i430 1440 - ' 1450 - 1800| o.4o • . . ,
M $. TIM_

I
Fig. B. 2 Simultaneous measurements of incoming solar radiation

I from Eppley pyrheliometers on the ground and on the topof the Cessna 180. November 1, 1964.

I B-2

!

1964019590-073



I

.Sa p.4 w_ i, ,w-_,

.l tJ_litt _-'_,Y
I _ __||!!14''

I _._.---:.-,- - _-
I
i Fig. B. 3 Simultaneous measurements of incoming sol radiationfrom _upley pyrbeliometers on the ground and on the top

of the _essna 180, January 21, i9_4.

I
I
I __-_
I

0.40

I
_._

I
I
I Fig. B. 4 Same as Fi_. B. 3. February 10, 1964.
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I Procedure

I _ Nove _be_ 13, 1933 between about 1500 and 1300 MST_,
simultaneous s o_ar radiation ,neasurefaents were made with an Eppley

i pyrhelio_eter on the ground and another _aounted on a Cessna aircraft.These measurecnents were repeated with the aircraft at 500 feet ele-
vation levels startin_ at an elevation of 5, 500 feet and continuing to

: • 8,000 feet _,_.s. 1. _levation angles of the sun were recorded for each
| _neasurenaent. l=ressure and air temperature rneasuren-_nts also were

• taken from the aircraft. A Denver radiosonde sounding (1700 hZ.ST)

i was obtained from which precipitable water was computed for the levelsof interest after verifying the sinailarity of the Denver observations with
the aircraft temperature and pressure data.

I The basic Brooks' equation (1959) as n_odified by Gates (1962)
is as follows:

!
% 2.0 _ _= 2 exp [-0.089 (Pl'g/lO13) 0"75 0.174 (_:rvJ:/20) 0"6 0.83 (dM) 0"9]

where C,, = flux of direct sunlight on a surface perpendicular to the sunts

I P rays in ly/n_in.p = air pressure in c]b.
w = total precipitable water vapor in the atmosphere in the zenith

I direction (in nlin. )d - concentration of dust particles in nu_uber/cc
,n = air :.__ass

• I r = radius vector of the earth

i The above equation was modified to allow computations based on differencesbetween ground and air _-.aeasure;_ents to be used rather than the absolute
values of ground and aircraft incident radiation. This adaptation see._ed

i desirable for several reasons. First, recorded vzlues of radiation werehigher than should have been obtained due principally to the small elevation
angle of the san (Fig. B, 5). Conversion of horizontal radiation meas_'re-

i _nents to values of sunlijht received on a surface normal to the sun's raysis accomplished by ,=_ultiplying the recorded readings by the cosecant of
of the sun's elevation angle. Since csc' a-- oc a --'- 0° elevation angles

i must be ;,aeasured very precisely if errors are to be [_ept within acceptablelimits. This source o_ error could be _ linimized by working with differ-
ences between ground and aircraR ,:masure,'Lents. A second reason for

I ::_odifying the equation was to obviate the need for precipitable water zaeas-ure_:aents throughout the total at:,_osphere. Thirdly, since the basic

!
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35

3O

= 25'

i = 20

0 __, i i ! " 19 21 ¢37 9 , 13 (¢ I_ : --.s----0---_

I • -ottllU_@ oegle of sun, diwroes

I
Fig. B. 5 Graphical correction of pyrheliometer measuren_ents of

I incomJllg radiationfor changes sun angle.
in

!
equation has been derived for direct sunlight radiation, the influence

i of sca*tered and diffuse radiation on the final resul_e is kept to an_ininaun_. It should be emphasized that the mo_ati_n of the equa-

+.ion for layer analysis is required only when the e_._ror effects noted

i above are of such a magnitude as to result in nega_tive values of theexponential term when applied individually to ground or aircraft
readings. If positive values of the exponent _ere obtained, sabtract-

i ing the calculateddust concentrationbased on the ground readingfrom thatbased on the rArcraftobser,.,ationwould eliminate the error
sources noted above as well as the modified differentiallayer fona

I of the equation. In thisexperiment preliminary analysis indicated_hat development of the following equations was essential.

I The theory of the modification is that the nature of the deple-tion function is the same for a small differential layer of air as it is
for the total atmosphere. Since the original Rrooks equation is empir-

I ical, the ",alidity of the foregc_ng assumption would have to be testedexperimentally. The utiiify of this approach should justify future
research with this intent.

I
I
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I 2 ly_ln

,
I
I _ _ - ,-_'_

a_3

I
I

Derivation of equation:

I Let I = normal incident direct beam radiation at the top of the layer
na L in question. This value is analogous to and replaces

I T2/r2 of the original equation (ly/min).
L = the thickness of the air tayer of interest, whose lower bound-

ary coincides with the ground surface at some eleve ion E
l above m. s. 1. (ft.).

I P = total pressure at the ground at the bottom of L . This isthe same term as in Brooks' equation (mb).

I Qp = normal incident direct-beam s )lar radiation at ground levelat the bottom of L. %his is the same term as 1,1 Brooks'

equation (ly/min).

I AP = the differential pressure of the air layer L , as n_easured by
m the aircraft (rob).

I AP - the theoretical differential pressure of the air layer L f_r
s the standard atmosphere (rob).

I AW = measured precipitable water content of the layer L (in mm).
ra

t = theoretical preuipitable water content of the layer L for theAWs standard atmosphere (in ram).

!
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I
I The air depletion term of the Brooks equatior., 0.089(h_P/1013) 0"75

relates at_aospheric pressure to the number of nir molecules which

I are available for absorption and scattering of sclar radiation in the
total atmosphere above the point where Qp is measured. The term
P/1013 includes two corrections, one of which is for air mass char-

I acteristics at the time of observation, For the air layer L, by analogy,
APm/&P s corrects for air mass characteristics, and elevational dif-
ferences are not involved due to the differentia] treatment, The number

I of air molecules involved in depletion must now be reduced for the layer
by the ratio L/A . This can be accomplished utilizfng the pressure

i terms APm/P so as to obviate the need for density correction. The
modified air raolecule deoletion term now becomes

MA'--P 2

i (MAPm)(_____)].75 m
0.089[ _ = 0.089[ PAPs ].75

I The air mass term M is unchanged due to its definiticn.

Directly analogous reasoning results in the differential water

I molecule depletion term

MAW m _P

I 0.174 [(. AW s ) )

m reducing the effective depth of'rhe portion of this expression ---_
the atmosphere assumes that the water vapor is distributed in the

I atmosphere in the same fashion as are the air molecules. It mustbe emphasized that this is only an approximation and coul_ be in
error under certain conditions.

I The resultant differential layer form of the transmittance

equation may now be written

i M_'-_ 2 MAW AP

I Qp = Ina exp [-0. 089 ( P----_%m)0,75 -0.174 ( pAwms m )0.6 . 0.083(dM)0.9]

I solvingin terms of d, M_, )0.75 MAWmAP m )0.8
]nI - 0.089 ( P'-P"_ - 0.!74(--PAW

d =_ml [ na s s - lnQp_ ]

i 0.083

The susceptibility of the results to errors ._n calculating M is still

I present in the final equation, and is the largest potential source of

I B-7
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I
I error at low sun angles. To n]inin_ize this error, a more refinedforn] of estimating Ai was used in this experiment rather than

assuming M = csc fi (where _ -- elevation angle of the sun), For

I the purposes of this experiment, L: = csc (_ + C) where C -
correction factor denotin 4 the departure of csc /9 from the optical
air n_ass. Values of C were calculated from Table 137 of the

[ Smithsonian L_eteorol,_gica) Tables (1951).

1. Observations corresponding to aircraft elevations of 6,500
!_ feet were discarded because th,_ Q_ observations at the ground were

larger than those at the plane. Rcn_aining data yielded the following

I! results:

i l Ave. dust cone. Relative dust conc.Layer ft. particles/cc .. /particles/cc ft,

sfc. - 5500 0 0

i} 5500-_000 0._46 o.001_94
_000- 7000 1.78,_ o.00_787

i| 7000- 7500 0 o
_] 7500 - 8oo0 0 0

!!
_J

Elev. level Cunmlahve dust concentrationft. particles/cc

sfc - 5500 0

_ sfc- 3000 0.510" sfc - 7000 I.21
sfc - 7500 0. 942

sf -. 8000 0.777

|
Figs. B.._and B. '7show the resultsgraphically.

!
2. The orders of magnitude of the results are reasonable.

I

!
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i l_,i_! ¢IPCilI.'_Io DO'Ckl_ IC-

I Fig. B. ," Average du_t and haze content _f the lower at_ osphereab:.ve Fort :ollin3, Colorado, 1_09 9_ST, Nove,nber 13,
1933.

I
I

7

!

U I'
e 4

i i
! 3

(levotnam e_e _)rcn_d - fw

l
I Fi_, B. 7 _hange in relative dust concentration with elevation atFort Collins, Uolorado, 1200 i_3T, November 13, 19S3.
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I
I 3. The calculated upper li-nit of the dust concentration

(3000-700C ft.) corresponds well to the vi_;ual top of the haze layer

i observed during the experi,_ent (C505 ft.)
4. The cllanze in calculated cu.-,mlative dust concentration

I with height above 7000 feet agree_ almost perfectly with the-theoret-ical _,alues assu,-..ing neeligible dust content above 7000 feet.

5. The principal discrepancy in 2he result_ appears to bethe absence of dust in the surface - 5500 foot layer.

_i Source°., of error: The prin_ary source of error using the
,_i :_.odified equation is that introduced in the calculation of the optical

air rnas_ M ; the low sun angles prevailing during the experin_ent
_i probably ac?ount for a mator part of th_ discrepancies in the results.i}

Standard _41r_osphere Constants

ii _lev. E,ev. _F s" _ Pw P w .. Accunm- Accurn.
i!

ft. m. rob. g/kg mm mb. g/kg, AP_ rob, Pw ram.
o

v_

.._i 5170(sfc} 1580 10.1 3.25 0.644:837.4 8,3 0 0 i

^ ,39_.3 8.2 I I0. I 0.34455C0 lo90 15.2 64 09 O. 930 _ -"
1312_1 5.8 _ 25_3 1.574

i! '$000 183015.25_ ,. 0.834 ,,,. .'8500 1930 15.5 5.,2 0.853 l._.9 5.$ 40.5 2,458
7000 2140 781.4 5.25 . 53.0 3.316

13.5 5.12 0.705
_l 757.9 5.0 89._ 4.021

750C 2250 15,3 L!.9 0,785 '752.3 _._ 84,8 "!.735H 3000 2440 14.0 4. _5 0, 38,!
3500 2590 733.3 4, 5 97.3 5. 450

13,,3 _.3_ 0.$1S

I! 9000
!l
g-

il
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I
I Calc,4_+_ _,

I I. Calculations of precipitable water from D_nver Raob:

i P = 1/980 W dp
w P1

I wher_ P = precipitable water in cm,W

W = mixillg ratio in g/kg.

i dp -p, essul e cl'mnge in millibar_.
a. 5170 - 5500 ft.

I P - 1/980 (3.65) (844.5 - 83_.I)W

= 3.85/980 (9.4) = 3.50 x 10 -2 cm

-- O. 350 cam (o. 0138 in.)

i b. 5500-8000 f_.
P = 3.2/980 (P35.1 - 820.8)W

- 3.2/980 (14.3/ = 4.6_ x 10 "2 cm
I = G. 467 mm (. 0184 in.)

I c. 600b - 6500 ft.

Pw - 3.3/98_ (820.8 - 806.5)

I = 3.3/980 (14.3) = 4.81 x 10-2 cm
= 0,481 mm (0,189in._

I
d. 6500 - 7000 ft.

I P = 3.25/980 (806.5 - 792.2)W

= 3.25/980 (14,_) = 4.75 x 10 -2 cm

I = O. 475 mm

I e. 7000 - 7500 ft.

Pw = 2.45/980 (792.2 - 777.9)

I = 2.45/980 (14.3) = 3.58 z 10 -2 cm= 0.358 mrn

I
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!
l f. 7500 - 8000 ft.

Pw -- 1. 875/980 (777.9 - 763.6)

I = 1.8'75/980 (14.3) = 2.74 x 10 "2 cm
= O. 274 mm

I
g. 8000 - _500 ft.

i P = 1.80/'980 (763.6 - 749.3)w

= 1.80/980 (14.3) = 2.63 x 10-2 cm

I = 0.203 mm

h. 8500 - 9000 ft.
P = 1. 725./980 (749.3 -735.0)w

= 1. 725/980 (14.3) = 2.52 x 10 -2 cm; 0. 252 mm

I 2. Calculationof dust concentrationssurface to 5500.

i = 1.52 ly/rninIna
_P = 9.0 mb

m

I = I0.I mb
M = 4.222

AWM = 0.35 mm
AW = 0. 644 mm

S

I Qp = I.49 ly/min

Calculationof factors:

I I. hi I = I I.5-'- = 0.41871na n

I

I 3. (0.0405)'75 = 0.0905

!
I
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i

t 5. (0.024'/) 0"6 = O. 1088

• t 6. In Qp = In 1.49 = 0.3988

_ substitute in equation:

____1__[o._- o.o_<o.o_o_-o.,,_co._o_-o._t_._Jl _" oo_
J] 4_ oo_

4:,922 _ _..'_'3 "t = 4.2'--"_

j_ :d= 0 w/in. limits of experiment error ____urface to 5500 ft.

I = 1.76 ly/min
na

AP = 25.3 mb
s

I m = 4.374
AWm = 0. 817

AWs = 1. 574

I Qp = 1.40 !y/rain.

I Calculation of factors:

1. In Ina = In 1.76 -- 0.56531

3. (0. 1504) 0.75 = 0. 242

B-14
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bw l ) _-o.o 3,
5. (.0731) .6 = 0.208

6. lnQp = in 1.40 = 0.33647

substitute in equation:

d= lm [0.56531- 0.089(.242)-0.0830.174(0.208)- 0.33647 ]1.11

Jr ] 1.11
1_._ [0. 56531 - 0. 02153 - 0. 0362 - 0. 33647
m 0.083

.. 1 !0.1711111"1! -- 1 (2. 0_,l. 11
4.374 O. 083 4. 374

l
- (2.23) = 0.514, 374

,;d = 0. 510 particles/cc _ surfac_ to 6000 ft.

Surface to 7000 ft.

I = 1.60 ly./min.na
Ap = 55 mb

m
£_P = 56 mb

S.

m = 4. 797

AW = 1. 759
m

AW = 3. 316
S

Qp = 1.00 ly/min.

Calculation of factors:

[APmM) [ A_n _" (55)(4. 797)(55)

B_15
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H
2. (0.309) 0.75 = 0.415

I 3. lnI =In 1.60 = 0.47000
na

I 4. _% /W =+_3.3_-<-_ =o.,+,,

I 5. (0.167) 0"6 = 0.342

6. InQp = In :.00 = 0

I substitute in equation:

1 [0.47000- 0. 089(0. 41_' " 0.174(0.1672'] 1"11I d = 4. 79"---_ 0.083"'

! + ', + [°+°-°°+ °°_.1__:o+
! _ (o.,o_1TM __L_._,,,.__._°- 4. 797 0.0831 = 4. 797 + =

surface to 7000 ft.

I .'d = 1.21 particles/cc <

I
Surface to 7500 ft.

I = O.995 ly/minIna
Ap = 70 mb

I m= 69.5 mb

rn = 4. 994

U AW = 2. 116 mmm
AW = 4.021 mm

s

I Qp ."O.633 ly/min.

I Calculation of factors:

I = ln0.995 = -0.005
1. In Ina

I
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I

I

, (,PM)i, Io9o=oo2. , _p , / PB / (89.5)t,83;'

I 3. (0.42) 0.75 = 0.524

I 5. (0, 219) 0,8 = 0.402

I 5. InQp =hn 0.633 = - 0.457

i substitute in equation:

I d = 4.'-_9"4 0 083 ,

_ 1 [ -0.005 - O. 0465 - O. 0700 + O. 457] l'll

_ 1 (o.,3355!1"J1 1 1__ 4.70
I 4. 994 0:083 } - 4. 994 (4.04) 1" 4. 994

.-d - O. 942 particles/cc J @_lrface to 7500 ft.1%

I
I Surface to 8000 ft.

I = 0. 891 ly/min

= 83 mb

AP = 83.8 mb

m = 5.257

AWM = 2.390 mrn

I AW = 4. 786 mm
S

i Qp = 0.581 ly/min.

Calculation of factors:

i I. Inl = In 0.891 = -0.11541
na

i
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4 _"/"% / /-_ = '_'__8,,,,_--o._
1 3. (0.518) 0.75 = 0.611

! )' ' OO/_O0 i I

11 5. (0. 261)0'6 = O.446

1 6. inQp = 1n0.581 = -0.54.3

i substitute in equation:

1 I-0.11541- 0. 089(0. 611) - 0.17 _=(0.446) + 0. 543] 1"11I d --- 5.25-'-"_ O. 083

1 [.-0.11_41- 0. 0544 - 0. 0775 + 0. 543] 1'1!5,257 O, 083

5,257 3.083 = 5.25-'----_(3.56) 1" " 5. 257

t .;d = O. 777 Farticles/cc _ surface to 8000 ft.

|
3. Conversio_ of cGncentrations in layers from ground to aircraft' to

I concentrati,ms in elevational zones.

1. Concentration in layer surface to 5500 ft. (5170 - 5500 ft.)

C = 0 particles/cc _ ..... surface to 5500 ft.

2. F,500 - 6000 ft.

(330)(0) + !300)(X) = O. 51 particles/cc
i 830

500X

'.-- = 0.51
830

X = (0:_51)(830) = O. 848 particles/co500

[_ .:C = O, 846 particles/cc < 5500-6000 ft.

1964019590-089



I
I 3. 6000 - 7000 ft.

I (330)(0)+ (500)(0.848)+ (IO00)(X) ffi1 21 particles/cc1830

I .'423+ IO00X = 2210

.'X = 2210- 423 = 1787

I tO00 100---0" 1. 787 particles/cc
6000 - 7000 ft.

.'.C = 1. 787 particles/cc _ .....

l
4. 7000 - 7500 ft.

I
(330)(0) + (500)(0.846) + (1000)(1.787) + (500)(X) = O. 942 part./cc

I 2330
433 = 1787+ 500X = 2195

I ,:X = 2195 -423 -1787 -155oo = _ = o.o

I .:C = 0 particles/cc <__ 7000 - 7500 ft.

I 5. 7500- 8oooft.

I (330)(0) +__(500)(. 846) + _1000_)(1_787) + _500)(0) + (500)(X) = O. 777
2830

I_ ,_ 423 + 1787 + 500X = (2830)(0. 777)
m

2200 - 2210 -10
.:X = _ 500 = 500

•'. C = O. 0 partlcies/cc (_. 7500 - 8000 ft.

I
I
I
I
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l Conclusions

t

This experiment shows that it is possible to obtain a quantitative
evaluat!on of the concentration of particles in atmospheric hazes. There

i are, however, several criticisms of thismethod. Firs+.,the basic_ equation by Brocks, based on observations and calculations by Moon
(1940) is empirical. It is difficult or impossible to evaluate the accuracy

i of the constants u_ed in the equation. Second, haze der,sitym_y no*_havethe sante effecton terrestrialradiationthat itha_ v._solar radiation.

Third, the densityof haze laye:-svaries with the wind speed and temper-

ature lapse rates in the atmosphere. Measurements made at on _+timeof the day may not be meaningful a few hours later.

Further investigstion of this approach to evaluation of haze density
_ is planned.
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